Acute bouts of exercise between 40 and 70% of peak oxygen consumption (VO 2 peak ) produce postexercise hypotension (PEH), 1-3 defined as the change in blood pressure (BP) from baseline during recovery from exercise. 1 Decreases in BP following submaximal aerobic exercise occur in both hypertensive and normotensive individuals, with hypertensive patients exhibiting a greater response. 1, 4 Reduced BP as a result of chronic exercise training may be due to accumulated effects of PEH from acute exercise bouts. 1,2 High-intensity interval exercise (HI) produces beneficial metabolic and cardiovascular changes in young, healthy subjects. 5,6 HI may provide superior metabolic benefits compared to continuous aerobic training despite a lower total work volume, 5 and also improves popliteal endothelial function and peripheral arterial stiffness, 6 but the effect of HI on PEH is unknown.
Acute bouts of exercise between 40 and 70% of peak oxygen consumption (VO 2 peak ) produce postexercise hypotension (PEH), [1] [2] [3] defined as the change in blood pressure (BP) from baseline during recovery from exercise. 1 Decreases in BP following submaximal aerobic exercise occur in both hypertensive and normotensive individuals, with hypertensive patients exhibiting a greater response. 1, 4 Reduced BP as a result of chronic exercise training may be due to accumulated effects of PEH from acute exercise bouts. 1, 2 High-intensity interval exercise (HI) produces beneficial metabolic and cardiovascular changes in young, healthy subjects. 5, 6 HI may provide superior metabolic benefits compared to continuous aerobic training despite a lower total work volume, 5 and also improves popliteal endothelial function and peripheral arterial stiffness, 6 but the effect of HI on PEH is unknown.
PEH is usually due to a reduction in peripheral vascular resistance that is not completely offset by a rise in cardiac output (CO). 1 Both training status and gender appear to affect this response. Although both men and women exhibited similar levels of PEH, endurance-trained men, but not women, produced PEH through reduced CO with no change in peripheral resistance. 7 This sex difference may be due to a greater fall in central venous pressure and ventricular preload in the endurance-trained men, but this idea remains to be investigated.
The main purpose of this study was to compare PEH following an acute bout of steady-state endurance cycling (SS) and an acute bout of HI cycling in endurance-trained men and women. We also evaluated potential mechanisms of PEH following both the SS and HI bouts. A secondary purpose was to evaluate possible sex differences in PEH following both acute HI and SS.
We hypothesized that acute HI would create a greater hypotensive response than the SS exercise, but that the
Background
The acute effect of high-intensity interval exercise (Hi) on blood pressure (Bp) is unknown although this type of exercise has similar or greater cardiovascular benefits compared to steady-state aerobic exercise (SS). This study examined postexercise hypotension (pEH) and potential mechanisms of this response in endurance-trained subjects following acute SS and Hi. Sex differences were also evaluated.
Methods
A total of 25 endurance-trained men (n = 15) and women (n = 10) performed a bout of Hi and a bout of SS cycling in randomized order on separate days. Before exercise, 30 min postexercise, and 60 min postexercise, we measured brachial and aortic Bp. Cardiac output (CO), stroke volume (SV), end diastolic volume (EDV), end systolic volume (ESV), and left ventricular wall-velocities were measured using ultrasonography with tissue Doppler capabilities. Ejection fraction and fractional shortening (FS), total peripheral resistance (Tpr), and calf vascular resistance were calculated from the above variables and measures of leg blood flow.
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Postexercise Hypotension in the Endurance-Trained mechanisms behind these responses would be similar. We also hypothesized that the endurance-trained men would experience reduced CO with no change in total peripheral resistance (TPR), whereas the women would experience slightly increased CO and decreased TPR following both forms of exercise.
Methods

Subjects.
A total of 25 (15 men and 10 women) healthy, nonsmoking, normotensive, endurance-trained subjects between the ages of 18 and 40 years participated in this study. Subjects were classified as "endurance-trained" based on their exercise habits for the past 12 months (strenuous endurance exercise ≥4 days/week for ~1 h/day for at least a year). None of the subjects were taking any chronic medications besides oral contraceptives. All subjects signed informed consent and the study was approved by the University of Illinois at Urbana-Champaign institutional review board.
Study design.
A schematic of the study design is presented in Figure 1 . Subjects reported to the lab for three visits with at least 3 days but not >14 days allowed between visits. During the first visit, subjects completed a physical activity and health history questionnaire, and resting BP, height, and weight were measured. Subjects completed a VO 2 peak test on an upright, stationary cycle ergometer (Lode Excaliber Sport, Groningen, the Netherlands).
The second and third visits were completed on different days, at the same time each day for both trials. Subjects were told to be at least 2 h postprandial, to abstain from caffeine, any medication other than oral contraceptives and any alcohol for at least 12 h, and not to exercise for at least 12 h before testing. All subjects performed both exercise protocols in a randomized crossover design. All measurements were obtained in the supine position, following 10 min of quiet rest before exercise, and again 30 min and 60 min postexercise.
Anthropometrics. Standing height and weight measurements were completed with participants wearing light-weight clothing using a stadiometer and balance-beam scale.
VO 2 peak test. Following a brief warm-up of unloaded cycling, subjects started pedaling at 50 W for 1 min. Every minute thereafter, workload increased by 20 W for females and by 30 W for males until test termination. Heart rate (HR) was measured with a Polar Heart Rate Monitor (Polar Electro, Woodbury, NY). Expired air was analyzed with a Quark b2 breath-bybreath metabolic system (Cosmed, Rome, Italy). The test was terminated when subjects met three of the following five criteria: (i) a final rating of perceived exertion score of ≥17 on the Borg scale (scale [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , (ii) a respiratory exchange ratio >1.1, (iii) no change in HR with a change in workload, (iv) a "plateau" (increase of no >150 ml) in oxygen uptake with an increase in workload, (v) volitional fatigue, defined as an inability to maintain a pedal rate above 50 rpm.
Brachial artery BP assessment. Resting systolic BP (SBP) and diastolic BP (DBP) were measured using an automated oscillometric cuff (HEM-907 XL; Omron, Shimane, Japan). Brachial BP was taken in duplicate and if values were within 5 mm Hg of each other, the average of the two values was used for analysis. BPs were measured until two values within 5 mm Hg were obtained.
Pulse contour analysis. Radial artery pressure waveforms were obtained in the supine position from a 10-s epoch using applanation tonometry (Millar Instruments, Houston, TX) and calibrated using brachial BP. Using a generalized validated transfer function, 8 a central aortic pressure waveform was reconstructed from the aforementioned radial artery pressure waveform (SphygmoCor; AtCor Medical, Sydney, Australia) to obtain central BP. Aortic mean arterial pressure was determined from the integration of the reconstructed aortic pressure waveform using the SphygmoCor software. This technique has been validated and is reliable for use during exercise. 9, 10 TPR index. TPR index was calculated by dividing aortic mean arterial pressure by CO index.
Cardiac variables. CO, stroke volume (SV), end diastolic volume (EDV), and end systolic volume (ESV) were assessed by two-dimensional echocardiography using an Aloka SSD 5500 SV system (Tokyo, Japan). With subjects in the left lateral position, measurements were obtained using the four-chamber apical view. The interior of the left ventricle was traced manually during both end systole and end diastole. Volumes were measured using Simpson's rule. Stroke volume was calculated by subtracting EDV from ESV. CO was calculated as HR multiplied by SV. Three beats were measured and the average of the measurement was reported. All values were normalized for body surface area. Ejection fraction was calculated from the ventricular volumes and expressed as a percentage. The coefficient of variation for day-to-day measurements was 8.7% for EDV, 4.7% for ESV, and 14.3% for SV.
Two-dimensional guided M-mode measurements of left ventricular size were conducted using standard procedures as suggested by the American Society of Echocardiography. 11 Left ventricular mass was calculated according to the American Society of Echocardiography recommended formula, which estimates left ventricular mass from linear dimensions based on modeling the left ventricle as a prolate ellipse of revolution. 11 This formula has been validated against necropsy findings. 12 Left ventricular mass was then indexed to body surface area (left ventricular mass index). Fractional shortening (FS) was calculated from the ventricular diameters and expressed as percent.
Color-coded tissue Doppler measurements were obtained using an apical four-chamber view at the lateral aspect of the mitral valve annulus as previously described by our group. 13 Early (E′) and late (A′) diastolic velocities and systolic velocity (S) were obtained from an average of six beats.
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Calf vascular resistance. Calf vascular resistance was calculated as mean arterial pressure divided by calf blood flow. Calf blood flow was measured using strain-gauge plethysmography (EC-4; Hokanson, Bellevue, WA) as previously described. 14 An average of five 15-s plethysmographic cycles was used for determining resting calf blood flow. Calf vascular resistance was expressed as mm Hg/(ml/min/100 ml tissue).
Exercise protocols. Exercise was performed in a temperaturecontrolled room and water was allowed ad libitum. The SS protocol required the subject to cycle continuously for 60 min at 60% HR reserve , which has consistently been shown to cause PEH. 4 The HI protocol required the subject to perform four 30-s tests, preceded by a 5-min warm up with 4.5 min of light recovery cycling in between bouts and following the last bout. This is an "all-out" cycling sprint. Braking torque was set at 0.7 × body weight in Nm. We selected this protocol because training studies have shown similar metabolic and cardiovascular changes to aerobic training using this type of protocol. 5, 6 Consistent with these studies, the volume of exercise performed was not controlled in this study.
Statistical analysis. Descriptive statistics were calculated for all variables. Repeated measures analysis of variance (2 × 3; condition × time-point) was performed on all variables. We also conducted a repeated measures analysis on the change from baseline (a 2 × 2; condition × time). A sex comparison was performed within each condition using an analysis of variance (2 × 3; sex × time-point). We also conducted a sex comparison on the change from baseline using a repeated measures analysis of variance (2 × 2; sex × time). For the overall analyses, we employed a modified Bonferroni approach and selected P < 0.01 as the required P value for overall statistical significance. We then employed Bonferroni post hoc tests and the P values reported for the post hoc tests are the values following the Bonferroni corrections. This approach protected against being overly conservative and subjecting our analyses to a greater chance of type II error, while maintaining adequate protection against the possibility of type I errors. Data are presented as mean ± s.e. Statistical software, SPSS, version 15.0 (SPSS, Chicago, IL) for Windows, was used for all analyses. Subject characteristics are shown in Table 1 . There was a sex difference in left ventricular mass index (P < 0.01) and one male subject had left ventricular hypertrophy as defined by American Society of Echocardiography criteria. 11 All other subjects had a left ventricular mass index in the normal range. Table 2 shows the data comparing the hemodynamic variables between SS and HI. Poor ultrasound images in two subjects during the SS trial reduced the number to 23 for CO, SV, ventricular volumes, tissue Doppler velocities, and TPR.
HI bout
Brachial and aortic SBP decreased significantly following both bouts of exercise (P < 0.01 for a time effect) but there was no difference between exercise modes (P = 0.92 for brachial and P = 0.46 for aortic SBP) nor were there any mode by time interactions (P = 0.79 and P = 0.69 for brachial and aortic SBP, respectively). As depicted in Figure 2 , the decrease in SBP was not significant at the 30-min time point (P = 0.51 and P = 0.38) but the decrease in both brachial and aortic SBP became significant at the 60-min time point (P < 0.01).
Brachial and aortic DBP decreased significantly from baseline both at the 30-and 60-min time points (significant time effect, P < 0.01) (Figure 2 ), but there were no significant mode effects or interactions (brachial DBP P = 0.86 for mode and P = 0.45 for mode by time interaction; aortic DBP P = 0.53 for mode and P = 0.97 for mode by time interaction). The decrease at the 60-min time point was significantly greater than the 30-min time point for aortic DBP (P = 0.03), but not brachial DBP (P = 0.17).
Mean arterial pressure decreased significantly from baseline (significant time effect, P < 0.01) but there were no significant mode (P = 0.71) or mode-by-time interaction (P = 0.96) effects. The decrease at the 60-min time point was significantly greater than the 30-min time point (P < 0.01) as shown in Figure 2 . Values are mean ± s.e.; n = 25 subjects for heart rate, brachial mean arterial pressure, aortic mean arterial pressure, and calf vascular resistance; n = 23 for cardiac output, stroke volume, end systolic volume, end diastolic volume, and total peripheral resistance. Post 30 and Post 60: 30 and 60 min postexercise, respectively. HI, high-intensity interval; SS, steady-state; index, normalized-to-body surface area. *P < 0.05 vs. pre-exercise. **P < 0.05 vs. Post 30. ***P < 0.05 vs. HI. † P < 0.05 time effect. † † P < 0.05 condition-by-time interaction.
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As shown in Figure 3 (and Table 2 ), CO increased significantly following both exercise bouts (P < 0.01), but increased more following HI (P < 0.01 for a mode effect, and P < 0.01 for an interaction effect). This increase was explained by increased HR (significant interaction P < 0.01) as no significant change was seen in SV for either exercise bout (P = 0.43 for time and P = 0.25 for mode). Both ejection fraction (P < 0.01) and FS (P < 0.01) decreased during recovery ( Table 2) but there was no significant mode or mode-by-time interactions (P > 0.3). Furthermore, none of the left ventricular tissue velocities changed from rest (resting values were: E′= −7.57 ± 0.67; A′ = −1.51 ± 0.22; S = 4.63 ± 0.40 m/s, respectively) for either mode (P = 0.67).
Total peripheral resistance decreased following both exercise bouts (P < 0.01 for a time effect) but there were no significant mode (P = 0.17 or interaction (P = 0.05) effects ( Table 2 and Figure 3) . Calf vascular resistance decreased significantly more at 30 min (Figure 3 ) following HI (P = 0.01 for interaction effect). At 60 min following SS, calf vascular resistance increased to above baseline (P < 0.01).
The responses following the HI bout mirrored those presented above for both men and women as there were no significant sex-by-time interactions for any variable ( Table 3) . For the SS bout, there was a significant sex-by-time interaction (P = 0.01) for SV (Figure 4) , caused by an increase in SV at 60 min postexercise in females (P = 0.01), whereas there was no significant change in SV for males (P = 0.56). There was a trend toward a significant sex-by-time interaction effect for EDV (P = 0.03); however, there was no significant sex (P = 0.09) or sex-by-time interaction (P = 0.06) when analyzing the change values (Figure 4) . Total peripheral resistance did not change significantly in males, whereas there was a decrease in females (Figure 4) at 60 min postexercise (P < 0.01), causing an interaction (P < 0.01). Both males and females significantly decreased calf vascular resistance at the 30-min time point (P ≤ 0.01), There were no significant interactions for any other variables ( Table 4) . discussion This is the first study comparing the postexercise hypotensive response following acute SS and HI. Our main finding was that PEH was similar following 60 min of acute SS and a 25-min acute bout of HI. Interestingly, despite the similar reductions in BP, CO was higher following HI, which was offset by a greater reduction in TPR, thus producing a similar PEH to that observed following the SS bout. Our findings suggest that HI may have similar beneficial effects on BP to those of SS. The HI and SS bouts also produced similar PEH in endurance-trained men and women, suggesting that there were no significant sex differences in PEH to either exercise bout. Nevertheless, as previously shown following acute SS exercise, 7 endurance-trained men did not exhibit a significant change in TPR, whereas the endurance-trained original contributions
Postexercise Hypotension in the Endurance-Trained women increased SV and CO, but this was offset by larger reduction in TPR, suggesting that the mechanisms of PEH following a 60-min SS bout differ between endurance-trained men and women. These results add novel information showing that not only does HI produce a similar amount of PEH as SS, but also, sex does not appear to influence the hypotensive response nor the mechanisms involved. This is different from SS, where the mechanisms of PEH appear to be sex dependent in endurancetrained individuals. It is generally agreed that PEH is caused by a reduction in TPR, which is not completely offset by an increase in CO. 1, 4, 7 It appears that both active and inactive tissues vasodilate, suggesting a generalized vasodilatory response resulting in reduced TPR. Consequently, there is an increase in venous pooling, producing a drop in central venous pressure and left ventricular preload. 4, 7 Halliwill 4 suggested that SV is maintained through an increase in contractility and a reduction in afterload, but empirical evidence for this notion is lacking. As HR is increased, with no change in SV, CO is slightly elevated, but this increase is not substantial enough to counteract the drop in TPR, thus BP is reduced producing PEH. 4 Our data are in partial agreement with the above model for PEH. Both SS and HI produced reductions in TPR, but with greater reductions following HI. Despite the differences in the changes in TPR, the PEH induced was similar between SS and HI because CO was higher following HI. The magnitude of PEH was also similar to findings from previous studies. 1, 2, 4, 15 Our findings suggest that exercise intensity has little effect on the magnitude of PEH, as previously suggested. 15 Others have also found elevated HR up to 60 min postexercise, 16, 17 and HR still accounts for the increase in CO regardless of intensity. Thus, HI produces higher recovery HR and CO, coupled with greater reductions in TPR collectively resulting in similar PEH to lower intensity exercise.
We found no evidence for a decrease in left ventricular preload or an increase in contractility following either exercise bout. Although we did not have measures of central venous pressure or direct measures of preload, a decrease in preload would be expected to produce a decrease in EDV. EDV did not change significantly following either exercise bout. Furthermore, there were no significant changes in the left ventricular diastolic tissue velocities as neither E′ nor A′ were altered following either bout. Thus, it is unlikely that left ventricular preload decreased in our study. Without a change in left ventricular preload, one would not expect a differential contribution of the Frank-Starling effect to SV. Similarly, original contributions
Postexercise Hypotension in the Endurance-Trained as ESV did not change significantly following either exercise bout, there was no evidence for an increase in left ventricular contractility. In fact, both ejection fraction and FS decreased following both exercise bouts, suggesting a small decrease in contractility. The systolic tissue velocity may be a better marker of contractility, 13, 18 and this velocity did not change significantly following either exercise bout. Consequently, our data do not support the proposed model 4 for maintenance of SV in the presence of PEH. However, it should be recognized that all of our measures of left ventricular contractility were load dependent. A more load independent measure of contractility such as longitudinal left ventricular strain rate would have been preferable, but unfortunately we did not perform this measure in our study. In our study, despite a reduction in afterload with little evidence for a change in preload, SV did not change significantly or differently following SS or HI. Although reductions in TPR occur systemically, splanchnic, renal, 19 and cutaneous circulation do not appear to contribute to PEH. 20 The exact mechanisms producing the vasodilatory response responsible for PEH are still not entirely elucidated. However, in a series of elegant studies using pharmacological blockade, Halliwill et al. have shown that vasodilatation leading to PEH is not mediated by nitric oxide, prostaglandins, or α-adrenergic responsiveness. 16, [20] [21] [22] Instead, postexercise vasodilatation was found to be mediated by histamine binding to H1 receptors during the early stages of PEH (up to 30 min into recovery) to H2 receptors during the later stages of PEH (60-90 min into recovery). 16, 22 We found that TPR was reduced throughout the entire recovery period following both exercise bouts. However, calf resistance was reduced throughout the recovery period following HI, but only at the 30-min time point following SS. This suggests a differential vasodilatory response between SS and HI, and that vasodilatation must occur primarily in nonactive tissue following SS, 60 min into recovery. It is likely that vasodilatation of both active and inactive muscle tissue are the primary contributors to the reduction in TPR following exercise. 16 It is unclear why H2 receptor-mediated vasodilatation would only occur in nonactive muscle tissue, as histamine blockade reduces both femoral and brachial vascular conductance, suggesting a more generalized effect of histamines. 16 Furthermore, although histamine blockade decreased PEH in that study, it had only a modest effect on systemic vascular conductance. As it has also been shown that the baroreflex resets to a lower pressure following exercise, 23 producing reduced sympathetic vasoconstrictor influence, it is possible that a neural mechanism may explain the differential calf vasoconstrictor response between HI and SS in our study. Unfortunately, we did not measure either neural or metabolic vasoregulators in this study.
sex comparison
We found that endurance-trained men and women responded similarly to HI cycling with no significant sex differences in PEH. Both men and women decreased TPR with a rise in CO and calf vascular resistance decreased in parallel with Values are mean ± s.e.; n = 25 (15 male, 10 female). Post 30 and Post 60: 30 and 60 min postexercise respectively. Index, normalized-to-body surface area. *P < 0.05 time effect. **P < 0.05 indicates female lower than male.
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Postexercise Hypotension in the Endurance-Trained TPR following HI cycling. This finding is novel considering sex differences in response to SS have been shown, 7 but to our knowledge, sex differences have not been examined in previous HI trials. 5, 6, 24 Consistent with previous studies, 7, 16 we found no significant sex difference in PEH following SS; however, the mechanisms contributing to PEH differed between men and women. In men, previous work showed SV may decrease, producing a decrease in CO without a change in TPR, thus producing PEH without vasodilatation. 7, 16 Interestingly, active muscle hyperemia was present in men, without a change in systemic vascular resistance, 16 suggesting that inactive muscle vasoconstriction may be present in men. Our findings are in agreement with these previous data showing that men and women exhibited different mechanisms for PEH. However, our present data showed no significant sex difference in the change in CO, but the women in our study actually increased SV at the 60-min time point. The increase in SV was likely a function of an increase in EDV (although the change in EDV was not significant) and a decrease in TPR. Consistent with previous studies, we observed no significant change in TPR in the men, although the vascular resistance in the active muscle decreased.
It is unclear why SV increased in the women in our study. It may be due to an increase in venous return, as suggested by the nonsignificant increase in EDV. However, why women would increase venous return 60 min into recovery is not known. Both men and women appear to exhibit similar changes in vascular conductance to histamine blockade, suggesting that histamine modulates the postexercise vasodilatory response to a similar extent. 16 Thus, there does not appear to be a sex-dependent difference in histamine regulated postexercise vasodilatation. It is possible that differences in baroreceptor function may play a role. Baroreflex function is shifted toward lower BP values in women 25 leading to lower sympathetic nerve traffic. This could potentially lead to a lower vasoconstrictive influence producing the greater reduction in TPR that we observed in women. However, it is unknown whether the baroreflex resetting following exercise is different between men and women. Although the men may have exhibited greater sweat loss, 26 which could potentially lower plasma volume and central venous pressure, this is not a likely explanation for our findings. Such changes The change in end diastolic volume index (EDVi), stroke volume index (SVi), cardiac output index (Ci), total peripheral index (Tpri), and calf vascular resistance are shown. There were no statistically significant differences for changes in EDVi. *P < 0.01, significant change from baseline. **P < 0.05, denotes a significant change from baseline and a significant difference between males and females.
Postexercise Hypotension in the Endurance-Trained in venous return should have produced similar changes between the 30-and 60-min time points and cannot explain the increased SV in women at 60 min. Thus, the reason for the sex differences observed in our study remains unknown.
Though the small sample size used in this study was a limitation, it was similar to sample sizes of previous studies. The relatively small number of males (n = 15) to females (n = 10) may also have influenced our results. Females were not tested during a standardized menstrual cycle phase. However, previous work has shown menstrual cycle does not influence PEH 27 .
Dietary intake was also not standardized before testing. The last time point we measured was 60 min postexercise. Although BP changes may extend beyond 60 min of recovery, previous work shows similar reduction at 60 min as in our study. 7 We also agree that our high-intensity interval protocol may not be appropriate for clinical populations or the elderly and our findings only apply to well trained, healthy young men and women. Although HI has been successfully employed in patients with cardiac disease, 28 the type of intervals used were aerobic submaximal intervals, not the supramaximal intervals used in this study. Nevertheless, our findings support the effectiveness of HI for producing PEH and future work will need to determine whether this particular form of HI is appropriate for patients with heart disease.
In conclusion, our study showed that HI provides similar PEH to SS. However, the mechanistic response to HI appears to differ from the response to SS, with greater increases in CO, offset by larger reductions in TPR. Men and women exhibit similar responses following HI. Endurance-trained men and women may exhibit PEH through the same rise in CO and fall in total peripheral resistance as sedentary men and women, but the SV and TPR response differ between men and women following acute SS.
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